Context: The impact of Hashimoto thyroiditis (HT) on the risk of thyroid cancer and its accurate detection remains unclear. The presence of a chronic lymphocytic infiltration imparts a logical mechanism potentially altering neoplastic transformation, while also influencing the accuracy of diagnostic evaluation.
Hashimoto thyroiditis (HT) is the most common autoimmune disease and the most frequent cause of hypothyroidism, affecting between 2% and 15% of the global population, depending on their age [1] [2] [3] [4] . The pathogenesis of HT involves a chronic inflammatory infiltrate in the thyroid gland as a consequence of a breakdown in immune tolerance. This leads to activation of cellular and humoral immune responses [5] . Histologically, HT is characterized by diffuse lymphocytic infiltration of the gland, with numerous lymphoid follicles and germinal centers, fibrosis, and, ultimately, parenchymal atrophy [6, 7] . Genetic and environmental factors, such as dietary iodine uptake, have been shown to contribute to the development of HT [8] .
In 1893, Rudolf Virchow first proposed an association between chronic inflammation and the formation of cancer. Over the ensuing century, this hypothesis has been verified through our understanding of a multitude of human illnesses. Classic examples of this adverse effect of inflammation on malignancy risk include the predisposition of patients with ulcerative colitis to adenocarcinoma of the colon and the impact of chronic hepatitis on development of hepatocellular carcinoma [9, 10] .
Given the well-established cause-and-effect relationship between chronic inflammation and risk of malignancy, it has long been postulated that HT, a chronic thyroid inflammatory disease, would also be associated with an increased risk of thyroid cancer. Although numerous studies have since investigated this hypothesis, nearly all have been confounded by substantial selection bias, imprecise metrics, and/or retrospective analysis [11] [12] [13] [14] [15] [16] . For these reasons, the association between HT and papillary thyroid cancer continues to remain controversial. To date, no large, unbiased, and prospective analysis has been performed to examine this important question, to our knowledge.
By definition, HT is a histological diagnosis. However, it is clinically impractical to necessitate surgical intervention when other means of preoperative diagnosis have proven highly predictive of the disease. These include the presence of antibodies to thyroid peroxidase (TPOAbs), as well as the identification of a diffusely heterogeneous parenchyma upon sonographic imaging of the gland [17] . It follows, therefore, that all three means of identifying HT (i.e., histopathologic, biologic, and sonographic) should be applied to any investigation seeking the broadest inclusion of patients with evidence of inflammation.
Thus, using a large, prospectively tracked database of consecutive patients seen for nodule evaluation, we evaluated the association between HT and thyroid cancer. Separately, we also sought to determine the impact of HT on diagnostic nodule evaluation, specifically on the distribution of preoperative cytology.
Materials and Methods
We performed a prospective cohort analysis studying 10,054 consecutive adult patients (age $18 years) with thyroid nodules $1 cm who underwent nodule evaluation between 1995 and 2017 at the Brigham and Women's Hospital Thyroid Nodule Clinic.
All patients were referred for evaluation of a clinically relevant thyroid nodule and then underwent sonographic and clinical evaluation. Sonographic evaluation was performed by one of five radiologists with expertise in thyroid imaging, using a 5-to 17-mHz transducer. All thyroid nodules were evaluated as previously described [18] , and the background thyroid parenchyma was separately assessed. From the ultrasound report, HT was considered present if a diffusely heterogeneous parenchyma or the presence of HT was reported [19] . Clinical evaluation typically included a full medical history and physical examination, and assessment of serum TSH level. When the TSH level was elevated, or at the discretion of the clinician, measurement of serum TPOAbs was performed (n 5 2551 patients). For the purposes of this study, a TPOAb test was considered positive when TPOAb level was elevated above the reference range at the time of blood sampling, as defined by the test manufacturer. For most patients in this study, one of three different assays was used over 20 years.
Thyroid nodules were treated per the clinical guidelines applicable to the time, typically performing fine-needle aspiration (FNA) on solid or partially cystic nodules $1 cm. FNA was performed by a thyroidologist under ultrasound guidance using a 25-gauge needle after local anesthesia was administered. Typically, three passes from different areas of the nodule constituted a single aspiration. Patients were submitted for surgery on the basis of abnormal cytologic findings concerning for, or supportive of, malignancy. Separately, a minority of patients had their thyroid surgically removed owing to large size, obstructive symptoms, or cosmetic reasons.
For each patient, age at the time of the first FNA and the total number of nodules $1 cm were documented. Aspiration specimens were processed using ThinPrep liquid-based cytology preparation (Hologic Corp., Marlborough, MA) and were examined by a cytopathologist with thyroid expertise. Although the period of study partially predates The Bethesda System for Reporting Thyroid Cytopathology (TBSRTC), cytologic classification through the entire study period uniformly used the same criteria and terminology later adopted by the TBSRTC [20] . Thyroid FNA cytology was reported as nondiagnostic, negative for malignant cells (benign), atypia of undetermined significance, suspicious for follicular or Hürthle cell neoplasm, suspicious for malignancy, or malignant. For patients with more than one nodule evaluated by ultrasound-guided FNA, the primary cytology was defined as the cytologic result that carried the highest risk of malignancy. Indeterminate cytology collective included those with atypia of undetermined significance, suspicious for follicular or Hürthle cell neoplasm, or suspicious for malignancy results. When a thyroidectomy was performed (n 5 3186 patients), histopathologic data were also obtained, specifically documenting malignant or benign disease, as well as the histologic evidence of HT. A histologic diagnosis of HT was based on the presence of a diffuse lymphoplasmacytic infiltrate with germinal center formation, oncocytic change, and areas of atrophy or fibrosis.
To avoid selection bias while simultaneously applying the most translatable, real-world protocol, we used a holistic definition of HT that included (i) elevated TPOAb level, and/or (ii) findings of diffuse heterogeneity or HT on ultrasound, and/or (iii) diffuse lymphocytic thyroiditis on histopathology. The HT-negative population, therefore, included all other patients without a single positive finding. Given the decreased accuracy of ultrasound in assessing background thyroid parenchyma in the presence of extensive multinodularity, we excluded from our analysis those patients with more than six nodules each $1 cm. If sonographic reporting was unclear, images were reviewed by a blinded expert. Multinodularity was defined as two or more nodules each $1 cm. Incidental thyroid microcarcinoma (,1 cm) identified separately from the clinically relevant nodule(s) was not considered malignant nor was it included in our analysis.
Summary statistics are provided as mean 6 SD for continuous, normally distributed variables; median with range and interquartile range for nonnormally distributed, continuous variables; or numbers and percentages for categorical variables. Comparisons were made using x 2 or Fisher exact test for categorical variables and with the Student t or MannWhitney tests for continuous variables, according to the data distribution as evaluated by Kolmogorov-Smirnov test. For analysis, we calculated the relative risks (RRs), the 95% CIs, and the pooled effects. A two-sided P value , 0.05 was considered significant. All calculations were performed using SPSS, version 25 (IBM, Armonk, NY). Permission for this study was granted by the Brigham and Women's Hospital institutional review board.
Results
Our final study population included 9851 patients with 21,397 relevant nodules. As expected, the population was predominantly female (83.9%) and had a mean age of 52.2 years. Within the evaluable cohort, 14,063 (66%) nodules were aspirated. The remaining nonaspirated nodules were generally cystic, small, had sonographically benign characteristics, or were resected in conjunction with a separate index nodule prompting concern in the same gland. Baseline patient and nodules characteristics are summarized in Table 1 .
Evidence (i.e., serological, sonographic or histologic) of HT was confirmed in 2651 patients (27%). A total of 3895 nodules were evaluated in patients with HT; the remaining 10,168 nodules were evaluated in patients without evidence of HT.
The influence of HT on the diagnostic evaluation and cytology classification is described by the data in Table 2 . The proportion of nodules with indeterminate and malignant cytology was higher in the HT group than in the non-HT group. Indeterminate cytology was obtained in 20.6% of patients with nodules in the setting of HT, compared with 17.1% of patients with nodules in a gland not affected by HT (indeterminate cytology: RR, 1.3, 95% CI, 1.17 to 1.44, P , 0.01). An increase in malignant cytology was similarly identified in patients with HT (RR, 1.7; 95% CI, 1.44 to 1.99; P , 0.01; Fig. 1 ).
Finally, we evaluated the association between HT and the risk of malignancy in the setting of clinically relevant thyroid nodular disease. The frequency of a nodule proving cancerous was higher in patients with coexistent HT compared with those without (23.3% vs 15.9%; RR, 1.6; 95% CI, 1.44 to 1.79; P , 0.01; Fig. 2 ). This increased cancer prevalence was maintained when patients with solitary or multiple nodules were analyzed separately, suggesting a field effect of HT itself (HT vs non-HT groups: 24.5% vs 16.3% in solitary nodules; 22.1% vs 15.4% in multinodular glands; P , 0.01). The types and proportions of thyroid cancer in both groups are listed in Table 3 . The frequency of malignancy was also higher in the setting of HT when we evaluated only patients with a final indeterminate cytology (HT vs non-HT: 43.1% vs 38.7%; P 5 0.05). The association between HT and thyroid cancer according to the final cytological diagnosis is reported in Table 4 . Given the increased risk of thyroid cancer in the setting of HT, we also investigated if such malignancy showed signs of increased aggressivity. We investigated the proportion of cancers in both groups showing signs of invasion, local or distant metastasis, or tumor size. Importantly, no significant differences in malignant pathologic characteristics or markers of aggressiveness were identified among patients with or without HT ( Table 5 ).
Though 13 cases of thyroid lymphoma were documented in the entire study cohort, lymphoma alone was not responsible for the increased prevalence of malignant disease in patients with HT. Of the 13 total cases, nine cases of thyroid lymphoma were documented in the 7200 patients without HT. Four cases of thyroid lymphoma were detected in the 2651 patients with HT.
Discussion
The impact of coexistent HT on the risk of developing thyroid cancer has been unclear. Building on a sound hypothesis and extensive preliminary data, we performed a large, Patients with more than one evaluable nodule were classified according to the highest TBSRTC score of the multiple nodules.
b Thyroid cancer was defined using histopathology as well as TBSRTC 6 cytology in cases where surgery did not occur.
prospective cohort analysis investigating this question. Using a highly translatable and broad clinical definition of HT, our data confirm a 45% increased risk that a clinically relevant thyroid nodule will prove malignant when in the presence of this chronic inflammatory process. The risk of a nodule being cancerous in the setting of HT was nearly one in four, substantially higher than in patients without the disease. Furthermore, the diagnostic evaluation of thyroid nodules is affected by the presence of HT, even when the nodule is nonmalignant, and a significantly higher risk of indeterminate cytology should be expected. Together, these data provide evidence that HT can be viewed as a risk factor for the development of thyroid cancer. Easily obtainable variables, such as measurement of TPOAb levels and/or identification of a diffusely heterogeneous parenchyma on ultrasound, should be sought at the time of initial thyroid nodule evaluation. The large-scale, prospective nature of this 20-year cohort analysis supports the translatability and durability of these findings, though multivariate analysis is required to better understand if this risk factor remains independent of other variables. We used the broadest and most practical definition of HT. This proved important to our study, because histopathology alone remains an impractical end point. Patients recommended for surgery typically represent a highly selected group, and routine thyroidectomy of all patients in any study would be deemed unacceptable. The association of an elevated TPOAb level with HT is well established. Furthermore, a diffuse heterogeneous parenchyma on sonographic imaging is highly suggestive of a diffuse inflammatory process, most notable HT [21] . Others have similarly used broad-based, holistic diagnostic criteria for HT, such as in our study [17, 22] .
Together, one or more of these findings confirming HT was present in 27% of our population. Although many population estimates of HT (typically using only TPOAb measurement to identify HT) are lower [4, 23, 24] , we note that our study cohort was unique. Our population of 9851 consecutive patients were all being evaluated for clinically relevant thyroid nodules. As expected in such a cohort, most were women, and the mean age was older than 52 years. Together, such a group would be expected to have a higher rate of autoimmune thyroid disease than a broad epidemiologic sampling. It is also well documented that a hypoechoic sonographic pattern or irregular echogenic parenchyma may precede TPOAb positivity in autoimmune thyroid disease and thus may not be detected in up to 20% of individuals with HT [25] . Furthermore, our data indicate a higher rate of cancer among patients with HT and known nodules. Stemming from this, it is equally plausible that HT itself may predispose to nodule formation. If so, a much higher rate of HT would be expected in any nodule population subsequently studied. In support of our methodology, we note a separate postmortem histopathologic thyroid analysis on thyroid disease-free individuals that detected evidence of chronic autoimmune thyroiditis in 27% of adult women, a percentage strikingly similar to our findings [1] .
Notable to our study were several findings. First, the increased risk of cancer attributable to HT was detected in those with solitary nodules as well as in nodules that were part of a multinodular gland. This supports the rationale that inflammation imparts a field effect through the gland itself. Second, the type, size, and aggressiveness of the cancer detected did not differ from those with or without HT. Thus, although malignant transformation or formation appears affected by HT, papillary thyroid carcinoma (by far the most common cancer subtype) remains generally low risk and indolent. Finally, although an increased RR of thyroid lymphoma has long been associated with the presence of HT, our data speak to an increase in well-differentiated thyroid cancer, and lymphoma is most certainly not responsible for the full increase in RR of malignancy as a whole. There has been an increase worldwide in differentiated thyroid cancer. According to the Surveillance, Epidemiology, and End Results database, the number of new cases of thyroid cancer was 14.5 per 100,000 men and women per year during the period of 2011 to 2015 [26] . Enhanced thyroid nodule detection has been implicated in this but appears to not fully explain this increase. The concomitant increase in the incidence of HT worldwide (perhaps following iodine supplementation) presents another plausible explanation and reinforces the concept that thyroid chronic inflammation may lead to neoplastic processes [1, 5] .
The impact of HT on nodule diagnostic evaluation is also perhaps not surprising. HT may result in reactive atypia that mimics papillary thyroid cancer, such as increased nuclear size and nuclear contour irregularities and grooves, which can result in an indeterminate diagnosis of FNA samples [27] . Also, the differentiation between follicular neoplasms and HT can be difficult because some cytological features, such as hyperplastic follicular cells and Hürthle cells, are encountered in both scenarios [28] . Studies have attempted to link the presence of HT to FNA accuracy, with conflicting results. HT is related to a higher rate of false-negative and false-positive FNA results [27, 29] . Others have demonstrated that the presence of HT significantly decreased the accuracy and increased the indeterminate rate of cytological results of ultrasound-FNA in subcentimeter nodules [30] , though data are variable [31] .
We acknowledge limitations to our investigation. First, we studied only those patients with at least one thyroid nodule .1 cm; thus, our findings are not generalizable to a general population nor do they reflect epidemiologic data regarding HT or thyroid cancer in a broad population. Nonetheless, our data are translatable to the real-world clinical environment, allowing preoperative data such as TPOAb level or ultrasound appearance to inform individualized risk assessment during thyroid nodule care. Second, we did not measure TPOAb level in all patients; thus, we cannot assess the overlap of sonographic and serologic findings of HT. Third, ultrasound interpretation was performed by only a single expert radiologist for most patients. This precludes assessment of interrater variability, which is known to exist. And finally, different TPOAb assays were used over the course of 20 years, possibly introducing some variability in defining low-level positive results.
In conclusion, HT adversely affects the diagnostic evaluation of, and increases the risk of thyroid malignancy in, any patient being seen for nodule evaluation. The presence of a diffusely heterogeneous sonographic pattern or of TPOAb positivity may be used for thyroid malignancy risk assessment at the time of nodule evaluation. Future investigations should work to elucidate the relative impact of this finding in relation to other known risk factors such as age and sex [32, 33] .
